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ocean and terrestrial plant productivity has become the focus of much sci­
entific research. 
The purpose of this chapter is to demonstrate the relations between the 
atmosphere-ocean CO2system and marine primary productivity as it is reg­
ulated by the supply of two essential nutrients: nitrogen (most importantly 
in the form of nitrate, N03-) and iron (Fe). The model developed in this 
chapter draws on concepts from many aspects of oceanography. It is based 
on fundamental concepts in equilibrium chemistry (the carbonate system), 
biology and ecology (nutrient kinetics and primary production). The model 
is heuristic and not a quantitative estimate of the impacts of anthropogenic 
CO2 increases and Fe limitation on primary productivity. Rather, the 
model's primary purpose is to demonstrate the coupling between partial 
pressure of CO2 [pC0) in the atmosphere, ocean chemistry and biology, 
and to explore changes in atmospheric [pCOJ 
O)
7.2. Greenhouse Gases and Climate 
Our current understanding of the ocean-atmosphere system and how an­
thropogenic activities will affect future climate changes relies heavily on our 
perturbationsunderstanding of past l  of global climate detected in the geo­
logical record. Measurements of CO2 concentrations in air bubbles trapped 
in polar ice cores have demonstrated that atmospheric CO2 fluctuations of 
approximately 80 ppm (Petit et al. 1999) accompanied temperature fluctua­
tions during the most recent Quaternary glacial-interglacial transition 02,000 
years ago) on a time scale of 103-104 years. Whether present increases in at­
mospheric CO2will result in similarly drastic changes in global climate re­
quires greater knowledge to what degree the ocean, the largest reservoir of 
inorganic carbon, will act to buffer atmospheric increases. 
Because the vast majority of the combined atmosphere-ocean inorganic 
carbon pool resides in the subsurface ocean (Sarmiento & Orr 1991), fluc­
tuations in atmospheric CO2concentrations and the resulting shifts in global 
climate are thought to be forced by changes in the oceanic carbon cycle 
(Sundquist & Broecker 1985). Today, surface ocean CO2concentrations are 
in equilibrium with the atmosphere, while the deep ocean contains more 
CO2 then could result from air-sea gas exchange alone (Broecker, Peng & 
Engh 1980). The surplus of CO2in the deep ocean is maintained by a mech­
anism referred to as the biological pump (Sarmiento & Bender 1994). The 
biological pump sequesters CO2 from the atmosphere through the reduc­
tion of CO2 by photoautotrophic organisms. In surface waters of the 
oceans, these organisms fix inorganic carbon (along with other nutrients) 
into organic molecules according to the equation for photosynthesis: 
106C02+ 16N03- + H2P04 -­
H CI06H2630110N16P 13802. (1)+ 122H20 + 17H+ +-t 2630uo l + 02, 
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organic carbon is limited by low ambient Fe concentrations. Another as­
sumption is that increased aeolian Fe supply could relax this limitation and 
allow excess surface nutrients to be utilized. Evidence supporting both of 
these assumptions comes from recent laboratory and large scale field ex­
periments (Coale et al. 1996b; Martin et al. 1994; Martin et al. 1989; Morel, 
Rueter & Price 1991b; Sunda & Huntsman 1997). Iron's importance in the 
marine geochemistry of C and N stems from its central role in the physiol­
ogy of marine primary producers. 
Iron is an essential element for all living organisms (Williams 1981). pho­
toautotrophic physiology requires Fe for the production of chlorophyll, cy­
tochromes and for the fixation and metabolism of nitrogen as a component 
of specific metalloenzymes. Although Fe is required in trace quantities com­
pared with other major mineral nutrients, it is largely insoluble in oxy­
genated seawater. Surface-water concentrations of soluble, biologically 
available Fe are exceedingly low « 1 x 10-9 mol L-1) in the open ocean 
and depth profiles resemble those of other major plant nutrients (Bruland 
1983; Martin & Gordon 1988; Martin et al. 1989), The transport of Fe into 
the euphotic zone as advectiveldiffusive 
P
estimated from simple / i models 
alone appears to be insufficient to allow marine phototrophs to deplete 
ambient macronutrients such as nitrate and phosphate (Martin 1990). 
Without additional sources of Fe, such as aeolian deposition, HNLC re­
gions appear to be Fe-limited ecosystems with low levels of phytoplankton 
biomass, primary productivity and export production. 
7.4. Atmosphere-Ocean Interactioni  Model 
The model is a one-dimensional, time-dependent box model that tracks the 
movement of carbon, nitrogen (N0 -), and Fe through a conceptualized3
ofN0 -, nutrients are permittedopen-ocean ecosystem. With the exception  3
to cycle through four major reservoirs: the atmosphere, the surface ocean, 
the deep ocean and the sediment. We assume that atmospheric inorganic 
nitrogen deposition is insignificant compared with the flux of upwelled ni­
trogen to the surface ocean reservoir. Vertical particulate fluxes from the 
surface to deep ocean in the model result from the sinking of phytoplank­
ton cells (primarily diatoms and calcite-forming organisms). 
Before we discuss the structure and function of the model, it is important 
to explain the biological and chemical processes that form the heart of the 
model equations. Keeping track of the various currencies in the model-C, 
N and Fe-is made simple using STELLA and a Pc. However, important 
concepts in carbonate chemistry and nutrient kinetics underlie the task of 
accounting for fluxes of C, N, and Fe, and the chemical changes they un­
dergo. Clearly understanding the following principles will make applying 
and interpreting the model easier. 
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to promote photosynthesis in  these  ecosystems must come from either up­
welled water, or the aeolian flux (Coale et a1. 1996a; Martin 1990). As men­
tioned above, Fe is extremely insoluble in oxygenated seawater resulting in 
very low amounts of bioavailable Fe (available for uptake by phytoplankton). 
In fact, bioavailable Fe in HNLC regions is below the best estimates of K, 
(where Fe uptake is half saturated) for marine diatoms. This suggests that Fe 
uptake  may  be diffusion limited for all but the smallest phytoplankton (Hud­
son  & Morel 1993). 
Figure 7.5 shows  that higher aeolian Fe fluxes reduce the steady-state 
levels of  atmospheric  [pCO) , with a four-fold increase resulting in same 
[pCG)long-run  ca  that is nearly the same as the initial conditions. Figure 7.6 
shows  the  temporary  downward adjustments in Surface Ct and ultimate rise 
to  the  steady-state level that accompany initially high levels in Surface Fe. 
The  exception  is the case in which there is a sixteen-fold increase in Fe, 
C;.and a continuous  reduction  of  Surface ( 
A simplification of  the model  is that the size structure of the phytoplank­
ton community  is not  considered,  which  can  have important implications 
for the  biogeochemical  cycling of  carbon  and  the productivity of the 
ecosystem. A defining feature of  HNLC regions is the absence of large phy­
toplankton (>5 11m)~m) and the predominance of  small primary producers 
(Chavez 1989; Price et a1. 1994). However,  upon  relief of  iron limitation 
(and the  diffusion barrier), larger diatoms can  rapidly dominate the biomass 
of primary producers (Price et a1. 1994; Price et  a1. 1991). This shift in  the 
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s i z e  o f  p r i m a r y  p r o d u c e r s  a f f e c t s  b o t h  t h e  k i n e t i c s  o f  n u t r i e n t  u p t a k e ­
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1 9 9 1 a ) - a n d  t h e  a m o u n t  o f  e x p o r t  p r o d u c t i o n  f r o m  t h e  e c o s y s t e m  ( r e ­
m o v a l  o f  C O
2  
f r o m  s u r f a c e  t o  d e e p  w a t e r ) .  
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system. The model shows that under the initial conditions the supply of 
N0 -j Fe to the surface ocean is significantly higher compared with the3
Redfield ratios of particulate matter, indicating iron limitation (Figure 7.5). 
The amount of Fe input to the surface can only support a downward flux of 
particulate carbon that equals 5% of the potential given N0 -3 inputs. Under 
these conditions the ocean is a source of CO2 to the atmosphere. This 
phenomenon is typical 'of warm water upwelling systems where high-Ct, 
nutrient-rich bottom water reaches the surface, is warmed, decreasing the 
solubility of CO 2 in water, and diffuses into the atmosphere (Cooper et al. 
1996). 
7.6. Conclusions 
This model represents physical processes very simply: heat exchange is not 
represented, mixing rates are constant, and in the one-dimensional model 
no lateral advection occurs. The temperature of surface waters has a pro­
found effect on the solubility of CO2 and the resulting equilibrium concen­
tration of dissolved CO2 (Millero 1995). Because cold water holds much 
more CO 2, the high-latitude HNLC regions (Subarctic Pacific and Southern 
Ocean) are more likely to act as sinks for atmospheric CO 2 despite ineffi­
cient surface-nutrient utilization. In addition, the Southern Ocean is an im­
portant area of deepwater formation where cold surface waters and inor­
ganic and organic carbon effectively and rapidly communicate with the 
ocean interior. Regionally specific models that incorporate temperature­
dependent equilibrium constants for the carbonate system may allow for 
more accurate calculation of CO2 fluxes. We expect that the equilibrium 
(20°C)constants used for this model D  lead to a conservative estimate of air­
sea CO2 exchange. Including cold surface waters with increased production 
in response to Fe additions should lead to a much greater effect on the at­
mospheric pC02•. 
Other simplifications in this model that would otherwise contribute to 
the remineralization of nutrients and export flux in marine ecosystems are 
the exclusion of higher trophic-level grazers and the microbial loop. 
These trophic levels effect the recycling of nutrients in surface waters, and 
therefore the amount of export production. However, we assume that 
the overall production in oligotrophic waters (and hence, the maximal 
CO2) 3 and, moredrawdown of  is regulated by the upwelling flux of N0 -­
importantly in the HNLC, the combined upwelling and aeolian inputs of 
Fe. Therefore, the effects of these annual and inter-annual processes are 
minimal compared with the a Priori knowledge of iron limitation in this 
system. 
Because this model is in steady-state, the sources and sink terms are con­
stant; on geologic time scales, this is not true. The model could be easily 
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ATMOSPHERE-OCEAN INTERACTION MODEL 
Calculation of pC02 in Surface Waters 
AlphaO = 1/(1+(1.28825E-06/(10A-(1+ 1.2882 10~ pH))+(9.77237E­)) ( ­
16/((10A-pH)A2))) 
Alpha1 = ((pH/10A~6.3)+1+(10A-10.3/pH))A-1~
Alpha2 = (((pH)A2/10A-16.6)+(pH/10A-10.3)+1)A-1 
Ct_molar = Surface_Ct/1e5 
pC02_Surface = (Surface_Ct/1e5*AlphaO/3.16e-2)*le6 
pH = -1805.4*Ct_molar+12.1 
C02 Module 
Atmospheric_C02(t) = Atmospheric_C02 (t-dt) + (­
Air_Sea_Exchange) * dt 
INIT Atmospheric_C02 = 10.9 
OUTFLOWS: 
Air_Sea_Exchange 
Piston_Velocity*((Atmospheric_C02/1e6)-­
((Surface_Ct/1e5)*A1phaO)) 
Bottom_Ct(t) = Bottom_Ct(t-dt) + (Downwel1ed_Carbon + 
PartC 
+ Sediment_Remineralizationi ent Re iner li  + CaC03­
Upwel1ed_Carbon­1l
Sediment_Rate_of_Carbon) * dt 
INIT Bottom_Ct = 7854 
INFLOWS:
Downwel1ed_Carbon (Surface_Ct/100)*Upwe1ling_Rate/ ) elll =
PartC = (Part_N03*C:N03_Ratio)
Sediment_Remineralization =
DelaY(Sediment_Rate_of_Carbon,2,0)y( e i t t
CaC03 = 15
OUTFLOWS:
Upwelled_Carbon = (Bottom_Ct/3400)*Upwelling_Rate
Sediment_Rate_of_Carbon = PartC*.Ol
Sediment(t) = Sediment (t-dt) +
(Sediment_Rate_of_Carbon-­
Sediment_Remineralization) * dt 
INIT Sediment = 0.44 
INFLOWS:
Sediment_Rate_of_Carbon PartC*.Ol
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INIT Surface_Fe  = 2.6e-8
INFLOWS:
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